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Experimental testing of a low-temperature organic Rankine cycle (ORC) engine coupled with concentrating PV/thermal collectors: Laboratory and field tests The organic Rankine cycle (ORC) technology is suitable for heat recovery applications of temperature even lower than 100 C [1] . At such conditions its efficiency is rather low, usually in the range of 4e6%, but still there are cases where it can be cost effective, especially for waste heat recovery. The main advantage at this temperature range is the simple and low-cost heat source circuit, since even liquid water can be used at low-pressure, while the use of thermal oil is avoided. Moreover, a simple ORC configuration can be considered with a single expansion machine and no internal heat exchangers [2, 3] .
The challenge is even bigger in small-scale systems with power production of few kW. In such cases although the design is rather simple to reduce costs, a very careful selection of each component is crucial, in order to keep an adequate performance. Moreover, lowtemperature operation (below 100 C) brings some additional restrictions, since a limited number of organic working fluids can be used for such purposes. The most important components in ORC engines are: 1. the ORC pump, for which low attention is given most of the times, 2. the expansion machine with intensive research effort for producing/adapting expanders suitable for a wide power range (of positive displacement type or even turbines for larger systems), and 3. the evaporator, for which new correlations need to be developed for designing a heat exchanger suitable to operate in ORC conditions. When operating at low temperature, the condenser also becomes an important component, since thermal efficiency becomes highly sensitive to the temperature of the heat rejection medium.
A list of existing experimental ORC units is shown in Table 1 . This list only includes similar set-ups working with a heat source of 70e100 C or an expander with inlet temperature under 100 C, and a heat input from 10 to 100 kW or an expander output power lower than 10 kW. Most of them are dedicated to solar applications, but very few are finally tested when coupled with the solar field. Another common application in that range is the waste heat recovery (WHR). The organic fluids R134a, R245fa and R123 are the most common ones used. It is not easy and straightforward to compare bench performances, since there is no standard definition for power and efficiency.
Some main highlights can be extracted from Table 1 . ORC units of that scale require low fluid flow rate and high pressure lift.
Reciprocating pumps, such as diaphragm pumps, are widely used because they can handle such conditions, by providing constant flow rate regardless the pressure variation. Multistage centrifugal pumps are also used for such ORC units, but there are very few available references. For small-scale systems with power production lower than around 20 kW, scroll expanders have been widely used and showed adequate performance and expansion efficiency [20] . The present authors have also used the same expansion technology (both opendrive and hermetic ones) and revealed the good performance at a wide range of pressure ratios [1] . This brings confidence that such [6] Electric n/a R123 n/a 0.15 kW (m) n/a Direct n/a 70 C e n/a n/a e Shell-and-Tube 1.2% (m) n/a e 13 kW n/a 3.5 bar e n/a Turbine Radial e n/a n/a e n/a [7] Engine Diesel Tap R134a þ Oil Diaphragm þ Subcooler n/a Solar & WHR n/a Water n/a e n/a PHE e PHE n/a 83 C e 80 kW 7 C n/a e n/a Scroll Hermetic e El. n/a e a 21%
[8] Solar þ Gas n/a HFE7000; N-Pentane Diaphragm n/a Solar & Gas n/a Water 67 Ce19 C PHE e PHE 7.6% (e) 70 C e n/a n/a 1. 15% e n/a [18] Gas n/a R123 n/a 0.4 kW (a) WHR Water Water 89 C e n/a Shell-and-Tube e PHE n/a 90 C e n/a n/a 6.1 bar e 0.7 bar Rotary Vane e El. DC n/a [19] n/a n/a a Calculated by authors of this paper with data from the reference.
expander can be even used at a supercritical cycle, which is the next step in this research. One positive aspect is that for lowtemperature applications, the pressure ratio is low and usually in the range of 2e4 [2] , enabling the scroll expander to operate with good efficiency. Concerning the evaporator, two types of heat exchangers (plate and shell-and-tube heat exchangers) have been mainly investigated for maximizing the net cycle efficiency of Organic Rankine Cycles [21, 22] . However, there is a lack of experimental data regarding heat transfer in the evaporators, designed and suitable to work in ORC conditions. The researchers focus most of the times on optimization at system and component level, taking into consideration all possible heat exchangers for such applications. In order to predict the performance of the set-up at different operational conditions, system and component models have been developed [23] . Here, a helical coil design was selected as it could be produced in a cost-effective way for this prototype unit (more compact than a shell-and-tube heat exchanger) and easily integrated in the test setup. The performance of this component at subcritical state is reported in this work.
All previous research activities are very important especially in small-scale systems, in order to evaluate and compare the performance of the ORC. Here, an experimental study is implemented, testing a small-scale ORC with a net capacity of 3 kW. The tests are first conducted in the laboratory with variable heat input and temperature [24, 25] for evaluating each key component and the ORC as a whole. Then, the ORC has been coupled with concentrating PV/thermal collectors. These collectors produce electricity from the PV cells and heat, which is provided to the ORC. The field tests during a winter and summer day are also presented and discussed.
The installed ORC and concentrating PV/T collectors

The installed ORC engine at the laboratory
The developed ORC engine has been installed at the laboratory for performance tests under controlled conditions. The heat input is provided by an electric heater and its heat production can be altered covering a large range of its capacity (from 25% of the total heat capacity: 12e48 kW th ) by operating different number of electric resistances and switching on/off the heater, keeping constant the hot water temperature. Different hot source temperatures have been examined from 65 C up to 100 C with the heat transfer fluid (HTF) being pressurized water at around 2.5 bar at maximum temperature, and circulated with an inline centrifugal pump (Wilo IPL 32/160) at constant speed of 2900 rpm.
A simplified design of the system installed at the laboratory is depicted in Fig. 1 , together with the heating and cooling circuits. Further details for the test-rig in the laboratory are provided in Ref. [25] .
An electric brake (heavy duty unit, manufactured by Bonitron), is connected with the frequency inverter of the expander's induction motor, in order to control the test conditions and evaluate the performance of this expansion machine [25] . The engine cooling during the laboratory tests is accomplished with a cooling water circuit, using a conventional shell-and-tube heat exchanger. Cold water with a temperature of around 16 C is circulated and drawn from a large water reservoir with capacity of 320 m 3 , rejecting the heat of the ORC engine (no cold water temperature increase was noticed during the whole testing period, keeping the heat rejection conditions constant). The condensation temperature of the organic fluid with this method is around 25 C (fluctuating according to the engine load).
The ORC pump is a triplex diaphragm pump manufactured by Hydra Cell (model G-10X), coupled with a 3 kW induction motor (Valiadis K132S, 6-pole, 86.4% nominal efficiency), driven by a 4 kW frequency inverter (Siemens SED2-4/32B).
The organic fluid selected is R-404A after screening many potential fluids using environmental (zero Ozone Depletion Potential e ODP), cost and efficiency criteria [25, 26] . Although R-404a has a moderate Global Warming Potential (GWP), there is already a replacement fluid (R-407f) with similar properties but still high cost. Moreover, one of the biggest challenges was the modification of a commercial scroll compressor (Copeland ZP137KCE-TFD with swept volume of 127.15 cm 3 /rev., maximum isentropic efficiency 75.2%, and built-in volume ratio of around 2.8 at compressor mode) to operate as scroll expander (in reverse operation). A new casing had to be made, while many internal parts have been re-designed for better matching its operation as expander (such as the inlet volume before the fluid enters the steady scroll) [27] . The two scroll geometries have been kept the same (same built-in volume ratio as the original compressor).
An evaporator of a helical coil type with capacity of 41 kW has been developed for this application as well (Fig. 2) . The shell of the helical coil heat exchanger is formed by two concentric cylinders in which a metal coil tube is fitted. The flow paths are arranged in counter flow with the hot water flowing downwards in the shell and the working fluid R-404A circulating upwards in the coil. The heat transfer between both fluids takes place across the coil wall. This evaporator is a key component in the installation, because it is the link between the ORC engine and the heat source. Such helical coil heat exchanger is designed and built specifically for such ORC installation, suitable to operate at relatively high pressure and temperature (capable for both sub-and supercritical working conditions) [28] .
The ORC engine was installed in the laboratory and it is depicted in Fig. 2 . All components have been mounted on the same structure and an electric panel is included. Further details are provided in Ref. [25] .
The installed CPV/T collectors with ORC
The solar field has been installed at the AUA campus (in Athens, Greece). The field has been prepared (cleared and leveled) and the 10 collectors have been installed on concrete foundation. Each collector has electric capacity of 1 kWp, concentration ratio of around 10, and heat production of 4.1 kW th . They have been adapted to operate at temperature up to 95 C [24] . After finalizing the laboratory tests, the ORC engine has been moved to the field and connected with the piping circuit of the solar collectors. The solar field and the small housing, where the ORC is placed with all control and electric panels, are shown in Fig. 3 .
The condenser of the ORC has been replaced with an evaporative condenser, for keeping the condenser pressure as low as possible, due to the pump inlet pressure limit of 17 bar. This condenser is also depicted in Fig. 3 . An air-chiller is included in this set-up for dissipating the produced heat from the collectors in case the ORC is not operating (appropriate by-pass pipes and valves have been installed).
The main design of the combined system is shown in Fig. 4 . A back-up electric heater is also mounted, in order to operate and test the ORC even if there is not adequate solar irradiation and heat production from the collectors.
Test data and processing
The location of the measurement instruments is depicted at the three circuits in Fig. 1 (hot water circuit, ORC engine, cold water circuit), in order to measure the key properties and evaluate the performance of this engine at laboratory conditions. These instruments are mainly temperature and pressure sensors, in order to calculate the thermodynamic state of the organic fluid and hot/cold water at each location. The temperature sensors are of Pt100 type (accuracy up to ±0.2 C), while the pressure transmitters are manufactured by Keller (type 21Y with measurement error up to 1% of the full scale). With the above uncertainties, the thermodynamic properties are calculated with an accuracy of around 1.2%. Flow meters are not used, since steadystate conditions are examined, once the engine has reached a balanced operation at each case. The power production is measured directly from the expander frequency inverter. The heat input is calculated from the ORC side, since the organic fluid pump is of diaphragm type and has a linear correlation of flow rate with speed with a constant parameter of 0.0205 (L/min)/rpm, which provides a very reliable calculation of the volume flow rate (accuracy estimated at 2%). The mass flow rate is then calculated with the measured temperature and pressure of the fluid at the pump outlet using EES/REFPROP database for R-404A [29] . The pump shaft speed and electric consumption are measured from the inverter.
The accuracy of the calculated parameters is given by the following expression [29] : Table 2 is given the relative measurement error for each main parameter (mean value), showing that it is low and would not influence the relative differences of the results. The model of pump power balance proposed in Ref. [30] provides a very detailed understanding of losses and can suggest solutions for further improvements. This model is visualized in Fig. 5 , including the motor and a variable speed drive (VSD).
The model parameters C 2 , C 3 , C 4 & C 5 are provided by pump and motor specifications. The Parameter C 1 is estimated from experiment, minimizing the error-objective function F ¼ P ð _ W el;meas À _ W el;esti Þ 2 , with electric power consumption given 
Results and discussion
First, the laboratory tests are presented, leading to the validation of each main component and the whole ORC unit. Then, field tests are presented during winter and summer days.
Laboratory tests
Most of the tests in the laboratory have been conducted at subcritical operation. The hot water temperature varied from 65 C up to 100 C. The operating conditions that have been examined concern the variation of the ORC pump and expander speeds, which in turn affect the cycle and fluid properties. The ORC pump frequency is altered from 10 Hz up to 50 Hz (192e960 rpm) and the expander frequency is regulated from 10 Hz up to 45 Hz (580e2610 rpm). By regulating the pump speed, the heat input is varied up to almost 55 kW th , being almost linear, as presented with detail in Ref. [25] . In this way the heat input to the ORC can be controlled effectively, while at the same time the flow rate of the organic fluid is adjusted. The regulation of the organic fluid pump speed has an important effect on high pressure as well, especially when the expander speed is kept constant, as it will be shown later.
ORC pump
The HTF temperature does not have any effect on the pump performance and therefore this parameter is not included in the pump analysis. The main parameters considered here are pressure difference and pump speed. The ORC pump has been investigated over a large range of pressure differences (in the range of 5.8e17.3 bar) and speeds (in the range of 384e864 rpm). The global efficiency of the pump is given by Eq. (1), while the hydraulic power by Eq. (2). The model of pump power balance has been then applied. The deviation between the measured electricity consumption ð _ W el;meas Þ and estimated one ð _ W el;esti Þ is less than 10%, as shown in Fig. 6 , while all parameters are provided in Table 3 .
The maximum pressure difference imposed by the ORC at design conditions is 35 bar. According to pump manufacturer data, the maximum power required by the pump is 1.486 kW (35 bar, 960 rpm). Therefore, the motor rated power is two times the power requested for ORC maximum conditions. This oversize has been implemented, in order to provide the pump with adequate torque during starting, but has a negative impact on the efficiency, since the motor always operates below its nominal power by at least 50%.
The pump global efficiency as a function of hydraulic power is presented in Fig. 7 . The maximum pump global efficiency reaches 32%, for measured hydraulic power of 0.475 kW.
Most of the losses are located in the driving part of the pumping system (inverter and motor) and represent 60e80% of the electric consumption. The static losses have been calculated to 883 W, being as analogous to the value of 240 W obtained in Ref. [30] in a similar configuration, considering that the motor nominal power is two times higher and the inverter is not included in the motor (separate part). The induction motor operates between 5 and 20% of its nominal power (equal to 3 kW, which has been deliberately oversized to have adequate power during supercritical operation) with efficiency much lower than its nominal one. The global pump efficiency could be higher in case of smaller motor sizing [31] , but allows a smooth starting and adequate power during transient operation (important when the ORC is supplied with solar thermal energy). 
Table 3
Parameters of the pump power balance model.
Equation
Parameter Unit Value Fig. 7 . Pump global efficiency as a function of hydraulic pumping power.
Evaporator
The heat exchanger was designed for a heat transfer capacity of 41 kW, inlet temperature of the heat transfer fluid of 95 C and mass flow rates of the HTF and the organic fluid of 2.5 kg/s and 0.25 kg/s, respectively. Using the LMTD method, the design has been concluded. More details on the design procedure and the geometry can be found in Ref. [28] .
The heat transfer is calculated from the measured data, using Eq. (3).
where Q is the heat transferred, _ m ORC is the organic fluid mass flow rate, h evap,in and h evap,out are the enthalpies at the inlet and at the outlet of the evaporator. Fig. 8 shows the heat transfer as function of the mass flow rate of the working fluid for different heat transfer fluid inlet temperatures. The heat transfer increases by increasing the mass flow rate in the coil, while keeping the mass flow rate constant at the annular (shell) side. A maximum value of the heat transfer of 55 kW th is achieved at higher flow rates. The highest mass flow rate of _ m ORC ¼ 0.34 kg/s was reached at relatively low heating fluid temperature of 65 C. A comparison of the nominal designed value with the measurements was also possible. At the nominal mass flow rate of the organic fluid _ m ORC ¼ 0.25 kg/s and HTF temperature of 95 C a heat transfer rate of 46 kW th was achieved, which is higher than the designed one. The main reason for this difference is that the evaporator was designed for supercritical operating conditions using supercritical heat transfer correlations. Details about the heat transfer correlations that have been used for designing the heat exchanger are included in Ref. [28] , while the development of new more accurate correlations is currently under investigation.
The pinch point temperature difference between the heating and organic fluid in the heat exchanger was then calculated. Since the temperature was measured only at the inlet and outlet of the heat exchanger, the thermal match profile was determined from a simple model developed in EES environment [29] . This thermal match for the three inlet measured temperatures for HTF temperature of 65 C, 80 C and 95 C is examined next.
Both the mass flow rate of the organic fluid and the inlet temperature at hot and cold side have a great influence on the pinch point temperature difference. For all measurements the mass flow rate of the heat transfer fluid and the organic fluid R-404A was kept constant at 2.7 kg/s and 0.3 kg/s respectively. It is clear from Fig. 8 that an improved thermal match is obtained at higher mass flow rate of the organic fluid, approaching the design condition.
The inlet temperature of the organic fluid depends on its mass flow rate and the inlet temperature of the heating fluid. Hence, for inlet HTF temperature of 65 C the organic fluid's inlet temperature is 26 C. A minimum temperature difference of 13 C is reached before the evaporation starts along the coil because the temperature difference of both fluids at the inlet of the heat exchanger is lower compared to the inlet temperatures of the HTF of 80 C and 95 C, as presented in Fig. 9 .
At higher temperatures at the hot side, for example at 95 C, the temperature difference between both fluids and before the evaporation in the coil occurs is up to 36 C. This indicates that the exergy losses at such operating conditions are higher, due to the higher average temperature difference between the HTF and R-404A.
By analysing the results from the measurements the pinch point temperature difference at the outlet of the evaporator is below 10 C, which is a lower value than the designed one. Hence, an improved thermal match at the outlet of the heat exchanger and pinch point temperature difference of only 2 C is realized for all measurements due to the high superheating of the organic fluid.
Scroll expander
The expansion machine is directly coupled with a three-phase asynchronous motor/generator (capacity of around 10 kW) inside the hermetic casing. This motor operates up to around one third of its nominal power, avoiding overheating, due to the absence of cooling (in compressor mode it is cooled by the organic fluid eusually a refrigerante itself, which enters at low temperature).
The variation of both the pump and expander speed has a strong effect on electricity production and expansion efficiency. The power production is depicted in Fig. 10 for different pump speeds and HTF temperature as a function of pressure ratio. It should be noted that for constant pump speed, the pressure ratio is adjusted through the variation of expander speed, covering the whole expander speed range for high pump speed and a lower one (from 10 up to 25e30 Hz) for low pump speed.
The maximum power production is equal to 3.2 kW, and is observed for moderate pump speed (pump frequency equal to 35 Hz) and pressure ratio (equal to 1.95) for HTF temperature of 95 C. But even for the moderate HTF temperature, the ORC engine shows high power production for a pressure ratio of around 2, due to the increased expansion efficiency at such conditions.
The maximum expansion efficiency is observed at a moderate expander speed/pressure ratio, due to the low electrical efficiency of the asynchronous generator at low speeds. In Fig. 11 is shown the expansion efficiency as a function of pressure ratio for the three different HTF temperatures. The expansion efficiency is calculated with Eq. (4) and includes all possible losses (electrical, friction, heat transfer, etc.) and provides a reliable evaluation parameter of all types of positive displacement expansion machines.
where W meas is the measured electricity production, _ m ORC is the organic fluid mass flow rate, h exp,in is the enthalpy of the organic fluid at the expander inlet, and h exp,out is the enthalpy of the organic fluid at the expander outlet for isentropic expansion.
The maximum expansion efficiency is equal to 85% and is observed for a pressure ratio of 2 (for pump frequency of 35 Hz), which is highly relevant to the built-in volume ratio of the original compressor [32] . This optimum pressure ratio value is lower than in most of the ORC units (common pressure ratio values for maximum expansion efficiency are around 3e4 [33] ), since the original compressor is intended for air-conditioning applications with R410a, where the pressure ratios are not very high (in the range of 2.5e3). For lower pump speeds and pressure ratios, the expansion efficiency is decreased. Moreover, as HTF temperature decreases, the maximum expander efficiency is observed for even lower pressure ratio (reaching even 1.65 for the 65 C case with an efficiency of up to 60%). Finally, the expansion efficiency is, in general, higher for increased HTF temperatures, since at such conditions the volume ratio increases and approaches the built-in volume ratio of the expander, limiting under-expansion. A small improvement of volumetric efficiency can be also observed, which also aids the expansion efficiency increase.
The peak expansion efficiency is high and fully justifies the efforts for replacing the casing and optimizing some expander parameters, although for most of the operating conditions this efficiency is in the range of 45e70% and similar to other reported values for scroll expanders of similar scale and temperature [9, 14, 20, 34] . Also, the selection of the ZP series of expansion machine with low built-in volume ratio (about 2.8) seems to be ideal for the specific application [35, 36] , since the pressure ratio is restricted to values around 2 for the R-404A fluid.
ORC engine e energy analysis
The thermal efficiency as a function of the pressure ratio is depicted in Fig. 12 . The thermal efficiency is expressed as the net power output (power produced minus the ORC pumping work) divided by the heat input [37] . A maximum of 4.2% thermal efficiency is reached for a pressure ratio of 1.95. At constant pressure ratio, ORC thermal efficiency increases with the expander speed, but a minor improvement is noticed above 30 Hz. At constant expander speed, the thermal efficiency increases with the pressure ratio, which is directly related to the expander efficiency shown previously, with an optimum pressure ratio of around 2. However, such pressure ratio is only achieved for low expander speed. For high expander speed, the pressure ratio is limited by the pump maximum flow rate. Thermal efficiency of 5e6% could be expected for higher expander speeds, due to the decreased electrical losses in the expander induction generator.
ORC engine e exergy analysis
Exergetic efficiency is recommended for evaluation of lowtemperature power systems and comparison of their performance for different heat source temperature [38, 39] . Exergetic efficiency expression depends on the heat source type and the application [40] . Solar applications can be considered as a sealed source type, and the exergy supplied to the ORC is determined by Eq. (5), with T 0 the sink water inlet temperature in Kelvin.
The ORC exergetic efficiency is then defined as the net power output divided by the exergy supplied by the heat source: W net =DE sup . The exergetic efficiency as a function of relative pressure for constant HTF temperature of 95 C is depicted in Fig. 13 . The maximum exergetic efficiency increases with pump frequency and the optimum pressure differs with pump frequency. However, a reduced cycle efficiency at higher pressure is induced by the low expander speed (as a result of low expander efficiency). Considering only data with expander frequency above 25 Hz, the exergetic efficiency constantly increases with the relative pressure.
For each heat source temperature (65, 80, 95 and 100 C), the maximum exergetic efficiency points are presented and linked with the pressure-temperature map shown in Fig. 14, providing the exergetic efficiency value. This map can be used to conclude to the optimum pressure of this specific set-up for different HTF temperature level according to the calculated exergetic efficiency. It can be observed that the optimum pressure is increasing with maximum temperature, but the optimum exergetic efficiency seems to be limited below 20%.
Exergy analysis can be useful for each component of the ORC, concluding to an exergy flow diagram. Fig. 15 shows such diagram of: (a) the optimum subcritical point, and (b) transcritical point for similar supplied exergy of 9.1 kW (heat input: 43 kW th at 95 C). The supplied exergy is used as a base index 100 for this figure.
Most of the exergy destruction occurs in the two heat exchangers (evaporator and condenser). The exergy loss in the evaporator occurs because of the high average temperature difference between the HTF and the organic fluid. In transcritical operation, the pressure is increased and the mean temperature difference is reduced. Therefore, exergy destruction in the evaporator is 30% lower for transcritical operation (see Annex). In the condenser, there is no valorization of the heat rejected. Even if superheating at the expander outlet is lower for transcritical case, condenser exergy destruction is 40% higher because the condensation pressure is 2.5 bar higher. Lower condensation pressure could be achieved with a better design and control of the condensation process. The use of an internal heat exchanger (IHE) for recovering the de-superheating power could save 10e30% of the heat input and reduce exergy destruction both in the condenser and evaporator.
Exergy destruction in the expander is much higher in the transcritical case, mainly because the expander frequency is very low À15 Hz in averagee in order to reach supercritical operation. Such operating conditions resulted in low expander efficiency as well, mainly due to the low electrical efficiency of the expander's generator.
At supercritical conditions the pump exergy destruction slightly increases by 15%, while the provided hydraulic power is 60% higher than in the subcritical case. This is because of the high static losses in the pump power balance presented in Section 3.1.1.
Combined solar field with ORC engine
Next, the ORC engine has been moved to the field and connected with the CPV/T solar collectors. Tests have been conducted during winter and summer days, in order to examine and evaluate the combined system at different weather conditions. The main test results for both winter and summer days are presented next. 
Winter tests
The first performance tests of the combined system concern the operation for almost steady state conditions during a sunny winter day. The HTF pump speed is decreased (pump frequency of 30 Hz), in order to reach higher temperatures, due to the moderate solar irradiation.
In Fig. 16 is shown the heat produced by the collectors, the heat provided to the ORC, and the HTF temperature. Until around 12:15 the system load was increasing, due to the sunshine and the heat produced was up to 40 kW (heat produced by collectors and absorbed by ORC is almost equal with minor differences). The heat provided to the ORC then continues to increase due to the high thermal inertia of the evaporator, while the heat produced by the collectors is decreased, due to the high HTF temperatures and higher thermal losses from the collectors. Nevertheless, during the whole test duration the operation is more or less stable with few fluctuations, which makes it possible to evaluate the combined system.
The HTF temperature is increased slightly over 70 C and the HTF temperature difference (inlet/outlet difference) is around 5 K. For the whole test duration the HTF temperature varies from 60 C up to 72 C.
As the HTF temperature increases, so does the organic fluid temperature and pressure. The pressure at the expander inlet increases during this test period (see left Fig. 17 ), whereas the expander pressure ratio, decreases, due to the increased cooling load of the condenser (the condensation pressure is increased). In the same figure the performance of the ORC engine (expander and cycle thermal efficiency) at such almost stable conditions is also presented, together with the electric power production from the ORC and the PV cells.
The efficiency of the expander reaches even 74%, while it holds high values for the whole test duration (in the range of 65e70%). Similar conclusions have also been drawn during the laboratory tests, as presented in the previous sections. The high expander efficiency brings an increased thermal efficiency as well, since the maximum reached is almost 4.6%. During the end of the testing period, the thermal efficiency drops, due to the increased condenser pressure.
Moreover, since solar irradiation was almost constant during this period, the PV production is almost constant as well and equal to around 5 kW. The ORC engine production is also stable and around 1.9 kW, while during the end of these tests it starts to decrease, as already mentioned. The net power production of the ORC is lower due to the pump consumption, which is almost 1 kW. The ORC engine net production is around 20% of the PV production, which increases the productivity of the combined system at such conditions.
Summer tests
The combined system has been also tested during different summer days. In this section the test results during one representative summer day are presented.
The heat produced by the collectors, the heat provided to the ORC, and the HTF temperature values are shown in Fig. 18 . There is high fluctuation of the heat produced and absorbed by the ORC, since the system operates at unsteady conditions.
The heat provided to the ORC is mostly in the range of 20e40 kW th , while the HTF temperature reaches even 80 C. After 12:30 it is reduced due to few clouds that did not allow it to further increase heat production and temperature.
The expander inlet pressure and pressure ratio are shown in Fig. 19 . The pressure level is now much higher than during the winter day, due to the higher condenser pressure, which shifts the whole cycle to higher pressure. This brings a lower pressure ratio (around 1.6), which is not beneficial for the expander, as also shown in Fig. 19 (right) .
The efficiency of the expander reaches 65% and then it is reduced to even 30%, leading to low thermal efficiency in the range of 1e3.5%. An encouraging aspect is that even during transient operation the ORC engine can maintain an adequate performance, showing that it is suitable for such conditions. Moreover, PV production is much lower than in the winter day, due to the high ambient temperature, which also has a negative effect on ORC production (due to high condenser pressure), resulting to low power production and much lower than in the winter day. 
Conclusions
The detailed experimental results of the ORC engine testing at the laboratory have been presented, revealing its performance capability and evaluating its main components (pump, evaporator, and expander). The tests concern a large range of HTF temperature with variable heat input. Various parameters have been examined, mainly when regulating the expander and pump speed, showing the heat-to-power conversion efficiency of such engine. A detailed energy and exergy analysis is presented, focusing on the main components.
The pump global efficiency is low, as expected, while the expander efficiency can reach high values at a small range of operating conditions. Also, the evaporator outperforms in terms of the heat transferred and the pinch point temperature difference at the outlet of the heat exchanger, showing that more accurate correlations need to be developed, for even more detailed designs and use of less material (leading to lower costs). The most important conclusions from the laboratory tests is that such ORC engine with capacity of just 3 kW can reach an adequate thermal efficiency, when operating at very low temperature. Fig. 17 . Expander inlet pressure and pressure ratio of ORC engine (left), and expansion efficiency of the scroll expander, thermal efficiency of the ORC engine and power production (right) during the winter day. Fig. 18 . Heat produced by the collectors and absorbed by the ORC and HTF temperature during the summer day. Fig. 19 . Expander inlet pressure and pressure ratio of ORC engine (left), and expansion efficiency of the scroll expander, thermal efficiency of the ORC engine and power production (right) during the summer day. The ORC engine has been then coupled with concentrating PV/T collectors, which provide the heat produced to the ORC. Various tests have been conducted during both winter and summer day, to demonstrate the performance of the combined system. The ORC engine could operate with good performance even at unsteady conditions, increasing the productivity of such hybrid system during both winter and summer day.
In the present study experimental test data are presented and evaluated, and the advantages and the potential of such technology could be identified. Also, some first proof is provided, whether such combined system can increase power production, by utilizing the available low-temperature heat. Nevertheless, a detailed techno-economic study is required, in order to identify the advantages of the presented system in comparison with other ORC units coupled with solar thermal collectors and operating under similar conditions (mostly relevant to HTF temperature), since for the same collectors' area the system produces more electricity (from both the PV cells and the ORC), but its cost is also higher. 
